Abstract Human malignancies develop through the multistep acquisition of critical somatic mutations during the clinical course. Regarding hematological malignancies, recent novel findings have indicated that hematopoietic stem cells (HSCs), which have the potential to self-renew and differentiate into multilineage hematopoietic cells, are an important cellular target for the accumulation of critical somatic mutations and play a central role in myeloid malignancy development. In contrast to myeloid malignancies, mature lymphoid malignancies, such as chronic lymphocytic leukemia (CLL), are considered to directly originate from differentiated mature lymphocytes; however, we previously reported that the propensity to generate clonal B cells had already been acquired at the HSC stage in CLL patients. Similarly, HSC involvement has been reported in the pathogenesis of mature T cell lymphomas. These studies indicate that, in mature lymphoid, if not all, malignancies, HSCs should be considered as the critical cellular target in the oncogenic process. The prevalence of these hematological malignancies dramatically increases with age, and the effect of aging HSCs should thus be taken into account when investigating the stepwise malignant transformation process of these age-associated malignancies.
Introduction
Malignant transformation can occur through a multistep process of acquiring critical somatic mutations. Therefore, to accumulate such mutations, malignant stem cells should have a long life span. Accordingly, in human hematopoiesis, genetic abnormalities associated with malignant transformation should be accumulated in self-renewing HSCs. HSCs have a very long life span, thus allowing these cells to maintain all types of hematopoietic cells throughout the human life span. In addition to a very long life span, HSCs have the potential for self-renewal and differentiation into mature blood cells as the central function of tissue stem cells. These properties enable HSCs to propagate both self-renewing HSCs and hematopoietic progenies that carry identical genetic abnormalities [1] . Therefore, HSCs represent the ideal cellular target for early oncogenic events that occur during the stepwise malignant transformation of hematopoietic malignancies.
Recent advances in next-generation sequencing (NGS) techniques have made it possible to identify recurrent somatic mutations and the clonal evolution process in many hematological malignancies [2] [3] [4] [5] [6] [7] [8] . These technologies have also succeeded in demonstrating that somatic mutations could be accumulated within HSCs, and that in humans, the number of acquired somatic mutations in HSCs or progenitor cells increases with age [9] . We previously reported the existence of premalignant HSCs that carried the [8, 21] translocation and could contribute to normal hematopoiesis in acute myelogenous leukemia (AML) [10] . Furthermore, NGS enabled the identification of premalignant clones carrying somatic mutations in phenotypically normal HSC populations in patients with various types of AML without specific chromosomal abnormalities [11, 12] . Therefore, self-renewing HSCs are now considered to be the origin of several hematological malignancies, particularly in myeloid malignancies [13] . In contrast, reports of HSC involvement in disease progression are not common with respect to mature lymphoid malignancies because these malignancies are considered to arise directly from mature differentiated lymphocytes. Recently, we and another group reported that even in these mature lymphoid malignancies, which include CLL [14] and T cell lymphoma [15] , the patients' HSCs were primarily involved in the pathogenesis of malignant transformation during multistep disease progression.
Unlike normal HSCs, HSCs from CLL patients gave rise to monoclonal or oligoclonal mature B cells that simulated monoclonal B cell lymphocytosis (MBL), the preleukemic state of CLL, after xenogeneic transplantation. These results indicated that in CLL, HSCs possess the cellintrinsic propensity to generate clonal CLL-like B cells [14] . CLL is the most common hematological malignancy among elderly individuals in Western countries [16, 17] , and the prevalence of CLL and MBL has also dramatically increased with age [18, 19] . Aging induces functional changes in the human hematopoietic system, including self-renewing HSCs. Therefore, when investigating HSC involvement in CLL pathogenesis, the relationship between HSCs aging and leukemogenesis should be discussed. In this review, we will focus on the effects of aging on HSCs and their involvement in CLL pathogenesis.
Aging of the hematopoietic system
Similar to the majority of organs and tissues, aging affects the human hematopoietic system [20] , and this is associated with an increased incidence of myeloid malignancies [21] , anemia [22] , and immune dysfunction [23] . Among hematopoietic cells, HSCs have been intensively investigated as a cellular target for aging. HSC aging is accompanied by several biological changes such as the accumulation of genomic damage [24] , epigenetic changes [25] , telomere shortening [26] , and oxidative stress [27, 28] . These factors ultimately induce functional HSC deterioration. In mice, aged HSCs are characterized by an increased HSC pool size comprising cells with a predominantly myeloid-biased differentiation potential and reduced self-renewal activity [29] [30] [31] [32] . The myeloid-biased HSC differentiation properties play a significant role in lymphoid senescence with aging; therefore, in mice, the myeloid skewing of aged HSCs was shown to result in the reduced production of both lymphoid progenitor cells and total B cells [30, [33] [34] [35] [36] .
These changes in aged HSCs are considered primarily cell intrinsic. However, HSCs reside in a bone marrow niche that comprises a specific cellular component and extracellular matrix proteins. The bone marrow provides this environment for HSCs, and the balance between selfrenewal and differentiation is controlled by a combination of cell-intrinsic and external regulatory machineries, including this niche [37, 38] . These bone marrow microenvironments, including the HSC niche, are believed to be affected by aging. The precise machineries regarding how the aging process affects the interaction between HSCs and their microenvironment are largely unknown; however, reduced bone formation and the accumulation of fat are evident with age. These age-related changes in the bone and bone marrow induce changes in the interactions between HSCs and their niche. For example, in mice, the aging bone marrow microenvironment affects rag2 expression, resulting in an age-related reduction of pre-B cells [34] . In addition to the effects on normal hematopoiesis, recent studies have demonstrated that the genetically modified bone marrow environment, including osteoblasts that are the critical components of the HSC niche, can induce a pre-AML state and AML in mouse models [39] [40] [41] . These findings suggested that the aging microenvironment may affect the pathogenesis of human hematological malignancies via external stimulation, regardless of the cell-intrinsic malignant transformation process.
Similar to murine hematopoiesis, recent human studies that used precise immune phenotypical analyzes and improved xenograft models revealed that relative to young HSCs, aged phenotypic CD34
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? pro-B cells decreased with age [43] . In clinic settings, age-related functional changes in human HSCs are particularly important with respect to HSC transplantation (HSCT) [44] [45] [46] . HSCT from either related or unrelated donors provides an important therapeutic strategy for treating both malignant and nonmalignant hematologic diseases. Regarding allogeneic HSCT, large retrospective analysis of the National Marrow Donor Program (NMDP) registry reported that advanced donor age was the only factor significantly associated with overall reduced disease-free survival of the HSCT recipients [47] , whereas NMDP data analysis that incorporated high-resolution donor-recipient human leukocyte antigen (HLA) matching did not find a significant association between the donor age and patient survival [48] . Therefore, the significance of HSC aging in allogeneic HSCT remains controversial. In addition to HSCT donor source challenges, age-related functional HSC changes are also important to understanding the pathogenesis of hematological malignancies.
Generally, the myeloid-biased differentiation potential of HSCs is believed to be associated with the increased incidence of myeloid malignancies in elderly individuals. Furthermore, the lower incidence of acute lymphoblastic leukemia, a very immature lymphoid malignancy, in elderly individuals relative to young individuals could be considered a consequence of impaired lymphopoiesis in the elderly. However, CLL is the most prevalent hematological malignancy among elderly individuals in Western countries, and the prevalence of other mature lymphoid malignancies also increases with age. In this context, it is conceivable that in humans, HSC aging may affect the pathogenesis of both mature lymphoid and myeloid malignancies. Many myeloid malignancies such as AML, chronic myeloid leukemia, and myelodysplastic syndromes arise from HSCs or very immature hematopoietic progenitors, whereas mature lymphoid malignancies are generally believed to arise directly from mature lymphoid cells. Importantly, these mature lymphoid cells, which are the origins of mature lymphoid malignancies, are also the progeny of HSCs. Therefore, when we consider the pathogenesis of mature lymphoid malignancies, particularly in elderly individuals, the effects of HSC aging should be taken into account in some, if not all, mature lymphoid malignancies. Accordingly, we have focused on CLL, the most prevalent lymphoid malignancy in elderly individuals and investigated the involvement of aged HSCs in CLL pathogenesis.
CLL pathogenesis
Chronic lymphocytic leukemia (CLL), the most common form of leukemia among adults in Western countries, is a mature B cell malignancy characterized by the accumulation of clonal mature B cells in the blood, bone marrow, and lymphoid tissues [16, 17] . The consistent clonal expansion of mature frequently CD5-expressing B cells represents the major CLL patient phenotype. The prevalence of CLL increases dramatically with age. Human CLL cells express functional B cell receptors (BCRs) on their cell surfaces as a result of productive immunoglobulin gene rearrangement [16, 49, 50] . CLL cases can be divided into two subgroups based on the presence of somatic hypermutations within the variable regions of the immunoglobulin heavy chain (IGH) genes; these mutations occur in the germinal centers during the naïve-to-memory B cell transition in the normal B cell development process. CLL patients with mutated BCRs have a more favorable prognosis than those with unmutated BCRs [51] . It has been postulated that both types of CLL originate from selfreactive B cell precursors, and that the BCR somatic hypermutation status does not indicate the origin of CLL cells [52] [53] [54] . However, recent CLL transcriptome analysis indicated that unmutated CLL is derived from unmutated mature CD5
? B cells, whereas mutated CLL is derived from a CD5
? CD27 ? postgerminal center B cell subset [55] . The cellular origin of CLL remains controversial, and further studies will be needed to clarify the multistep leukemogenic process of CLL. Regarding the role of the BCR in CLL pathogenesis, it is important to note that among CLL cells, approximately 1 % of cells from both groups express nearly identical BCRs, and the BCRs of CLL cells can be classified as specific stereotyped BCRs in approximately 30 % of CLL cases, suggesting that these BCR similarities should result from antigen selection during CLL progression [56] [57] [58] . However, a recent study revealed that CLL-derived BCRs induced antigen-independent cell-autonomous signaling in CLL cells, thus providing new insight into the BCR-related pathogenesis of CLL [59] .
HSC involvement in CLL pathogenesis
To trace the origins of genetic aberrations in human CLL, it is important to note that CLL is not always a monoclonal disorder. Multiple CLL clones were reportedly found in 3.4 % of typical CLL patients and 13.8 % of atypical CLL patients [60] . Furthermore, a large cohort study demonstrated that 44 of 45 CLL patients exhibited a precursor state such as MBL for 6 months-7 years [19] ; therefore, virtually all CLL cases are likely preceded by MBL. MBL is considered an essential preleukemic state of CLL representing the asymptomatic proliferation of clonal B cells with circulating numbers \5,000/ll [61] . The prevalence of MBL is known to increase with age [18, 19] . The reported MBL prevalence ranges from \1 % [62, 63 ] to 18 % [64] , depending on the evaluated populations and the detection methods. Most MBL clones exhibit an immunophenotype similar to that of CLL [65] , and CLL requiring treatment develops in subjects with CLL-like phenotypes and lymphocytosis at an annual rate of 1.1-1.4 % [18, 66] . Of note, human MBL sometimes comprises multiple B cell clones [67] [68] [69] [70] .
If progression from MBL to CLL reflects stepwise leukemogenesis, the stage at which the first oncogenic event occurs remains unknown. The existence of oligoclonal B cell clones in both CLL and MBL patients strongly suggests that the first oncogenic event may be traced as far back as the progenitor or self-renewing HSC with germline IGH genes. These observations led us to evaluate the very primitive HSC fraction in CLL patients. We used xenograft models to investigate HSCs from CLL patients in vivo. In our analysis, CLL cells were never directly engrafted; however, self-renewing CD34
? CD38 -HSC populations from CLL patients were engrafted for long periods and differentiated into cells from multiple hematopoietic lineages, including the myeloid and lymphoid lineages, in the immunodeficient mice. We found that HSCs derived from CLL patients (CLL-HSCs) gave rise to a mature B cell compartment that contained monoclonal or oligoclonal B cells that were independent of their original CLL clones, thus recapitulating human CLL or MBL-like phenotypes in mice. Single-cell gene expression analysis revealed that these CLL-HSCs expressed a skewed lymphoid gene expression signature relative to that of normal adult HSCs. These findings strongly suggested that the propensity to generate clonal B cells has already been acquired at the HSC stage [14] . Our hypothesis regarding CLL development has been schematized in Fig. 1 . Consistent with our findings in CLL patients, TET2 mutations were identified in both the myeloid and lymphoid cells of some patients with mature T cell lymphoma, again suggesting HSC involvement in the pathogenesis of some mature lymphoid malignancies [15] . These studies have suggested that selfrenewing HSCs may be a common target for oncogenic events in human hematological malignancies, including both mature lymphoid malignancies and myeloid neoplasms.
Conclusion
Recent studies have indicated HSC involvement in the pathogenesis of mature lymphoid malignancies in addition to myeloid neoplasms. These findings can be explained on consideration of the multistep pathogenesis of human agerelated hematological neoplasms. Notably, these data do not indicate that the tumor-initiating cells exist within the HSC compartment but rather that a priming process that enables the emergence or propagation of premalignant clones may be initiated within self-renewing HSCs during the pathogenesis of hematological malignancies. Further studies will clarify the precise molecular mechanisms through which the primed or aged HSCs play a central role in the stepwise malignant transformation process. 
